The timing of events can be implicit or without awareness yet critical for task performance. However, the neural correlates of implicit timing are unknown. One system that has long been implicated in event timing is the olivocerebellar system, which originates exclusively from the inferior olive. By using event-related functional MRI in human subjects and a specially designed behavioral task, we examined the effect of the subjects' awareness of changes in stimulus timing on the olivocerebellar system response. Subjects were scanned while observing changes in stimulus timing that were presented near each subject's detection threshold such that subjects were aware of such changes in only approximately half the trials. The inferior olive and multiple areas within the cerebellar cortex showed a robust response to time changes regardless of whether the subjects were aware of these changes. Our findings provide support to the proposed role of the olivocerebellar system in encoding temporal information and further suggest that this system can operate independently of awareness and mediate implicit timing in a multitude of perceptual and motor operations, including classical conditioning and implicit learning.
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cerebellum | visual E ncoding the timing of events is an inherent component of perceptual and motor tasks. Such timing can be implicit or without the subject's awareness yet important for performance regardless of the goal of the task. For example, when throwing a ball at a target, the spatial accuracy relies, at least partially, on precise motor timing; however, subjects may not be explicitly aware of the timing of individual components of this complex multijoint movement (1, 2) . Similarly, subjects may improve the speed and accuracy of performing a perceptual task by implicitly using temporal information to predict the timing of sensory stimuli (i.e., temporal expectancy) (3, 4) . More directly, implicit timing can be conceptualized as a critical component of classical conditioning and other stimulus/response association processes such as implicit learning and automatic behavior. However, implicit timing or timing without awareness has been difficult to characterize in experimental settings, especially in animal studies, and its neural correlates remain poorly understood (5) . One system that has long been implicated in event timing is the olivocerebellar system, which originates exclusively in the inferior olive (6) (7) (8) (9) (10) (11) (12) . Whether the olivocerebellar system mediates timing without awareness has not been demonstrated directly to our knowledge. However, the capacity of the inferior olive and the climbing fiber system to encode temporal information independently of awareness is supported by indirect evidence from classical conditioning and single cell recording literature (10) (11) (13) (14) (15) (16) . In the few imaging and lesion studies in humans that specifically addressed the cerebellar contribution to implicit timing, the term "implicit timing" has not been strictly defined as timing without awareness (5, (17) (18) (19) (20) . These studies produced conflicting results and did not dissociate the role of the inferior olive and climbing fibers from that of mossy fibers (5, (17) (18) (19) (20) .
By using event-related functional MRI (fMRI) and a perceptual task that dissociates the temporal from nontemporal attributes of sensory input, we have shown inferior olive activation when subjects perceived unexpected changes in the timing but not the spatial orientation or color of visual stimuli (21) . The results were consistent with the enhanced response of the inferior olive and climbing fiber system to unexpected sensory input consistently shown in electrophysiological studies, and further indicated that the inferior olive response to unexpected stimuli is specific to timing (22, 23) . In the present study, we used a similar eventrelated fMRI paradigm to determine the effect of the subject's awareness on the transient neural responses of the inferior olive and cerebellar cortex to changes in stimulus timing.
Results
We used a behavioral task that relied on the subjects' own response to determine whether they were aware of the change in timing of single visual stimuli. This task was based on the assumption that, when observing a sequence of stimuli separated by equal interstimulus intervals (ISIs) except for one deviant stimulus (preceded by an ISI of a different duration), subjects will incorrectly perceive the sequence as isochronous only if they are unaware of the change in the timing of deviant stimulus. The term "awareness" is used here to describe the subjects' conscious perception of the stimulus timing and not the occurrence of the stimulus itself.
We first performed a prescanning behavioral experiment to test the validity of the task and to determine the threshold for each subject at which a change in stimulus timing was detected (i.e., the threshold at which the subject was aware of the deviant stimulus timing in approximately 50% of the trials). The results show a near-perfect correlation (r 2 > 0.99) between the magnitude of change in the timing of deviant stimuli and the percentage of detected deviant stimuli (Fig. 1) . This finding confirmed the validity of the behavioral task and indicated that the subjects responded based on what they actually perceived, i.e., they consistently judged the sequence as anisochronous when they were aware of the change in deviant stimulus timing and as isochronous when they were unaware of such a change, even though the deviant stimuli were physically identical in their temporal and nontemporal properties. The subjects' performance was within the range of anisochrony detection threshold for visual stimuli reported in the literature (24) .
Subjects were then scanned while performing the same task. The scanning paradigm was designed to measure the event-related hemodynamic response that is time-locked to the onset of single stimuli. In each trial, the subjects observed a sequence of visual stimuli and, after a delay, they were prompted by a visual cue to indicate whether the sequence was anisochronous or isochronous by pushing one of two buttons in a forced-choice fashion. Each anisochronous sequence consisted of seven stimuli occurring at 1 Hz with the exception of one deviant stimulus that was presented 150 to 250 ms earlier than expected based on each subject's threshold as determined by the prescanning experiment. To prevent subjects from judging the isochronicity of the sequence by attending to one particular stimulus, the deviant stimulus was presented pseudorandomly as the fifth, sixth, or seventh stimulus. Thus, subjects observed sequences in which at least four stimuli (and three ISIs) occurring at 1 Hz preceded the deviant stimulus that established isochronicity, allowing the subjects to recognize the change in timing of the deviant stimulus. Failure to detect such a change (and therefore judge anisochronous sequence as isochronous) indicated that the subjects were unaware of the change in timing of one particular stimulus even though they were "aware" that they were performing a timing task and were paying attention to the timing of the whole sequence of stimuli. To monitor the subjects' performance during scanning, we mixed trials with anisochronous sequences with randomly presented "catch" trials with true isochronous sequences (with no deviant stimuli).
Deviant stimuli were classified post hoc as detected or undetected based on each subject's responses during scanning. By using a general linear model and a canonical hemodynamic response function as a covariate, we performed voxel-based eventrelated analysis of fMRI data modeling detected deviant stimuli (AWARE), undetected deviant stimuli (UNAWARE), regular stimuli (REGULAR), visual cue, and motor response as separate event types. From each subject, an equal number of events with detected and undetected deviant stimuli was used for statistical comparison of the AWARE and UNAWARE conditions.
We focused on the activations of the cerebellum and brainstem; cerebral cortical and subcortical activations data are presented in Table S1 .
Both AWARE and UNAWARE conditions activated the inferior olive bilaterally as well as multiple areas in the cerebellar cortex (Table 1 and Percentage of trials in which subjects were aware (blank columns) or unaware (hatched columns) of the change in stimulus timing. In each trial, subjects observed a sequence of visual stimuli occurring at 1 Hz except for one deviant stimulus that occurred sooner than expected by 100, 150, 200, 250, or 300 ms. Subjects performed 18 randomly presented trials in each category, judging whether the sequence was anisochronous or isochronous (which indicated whether they were aware or unaware of the change of deviant stimulus timing, respectively). As expected, the larger the deviation from isochronicity, the easier deviant stimuli were detected and vice versa. A deviation of 200 ms in stimulus timing corresponded to an approximate 50% detection rate for the whole group (N = 17). Error bars indicate SEM (**P ≤ 0.0001 and *P ≤ 0.001; NS, not significant). Next, we defined areas that respond to deviant stimuli regardless of awareness as areas that were activated in common in AWARE and UNAWARE conditions without significant difference between these conditions. These areas were identified by using conjunction analysis (23) Finally, we used direct subtraction to compare AWARE and UNAWARE conditions. One area in the cerebellar cortex (left crus II, −34 −72 −51; z = 3.90) showed higher response using the contrast [AWARE minus UNAWARE] (Fig. 3 ). There were no areas with significantly higher response in unaware than aware conditions using the contrast [UNAWARE minus AWARE]. The inferior olive showed no activation using the contrasts [AWARE minus UNAWARE] or [UNAWARE minus AWARE] even at a low threshold (P < 0.05, uncorrected).We obtained the same result when the ISI change was fixed among subjects. The inferior olive showed no activation using the contrasts [AWARE minus UNAWARE] or [UNAWARE minus AWARE], even at a low threshold (P < 0.05, uncorrected), when analysis was limited to the 12 subjects with the same threshold (200 ms for all 12 subjects).
Discussion
The present study significantly extends the findings of previous studies on the importance of the olivocerebellar system in the timing of sensory events (21, 25) . Our data demonstrate that the response of the inferior olive and multiple areas within the cerebellar cortex to changes in stimulus timing occur regardless of whether the subjects were aware of such changes. This finding has not been directly demonstrated in previous studies to our knowledge. However, evidence from studies of trace conditioning (in which an empty interval intervenes between the neutral stimulus and the aversive stimulus) and delay conditioning (in which the neutral stimulus overlaps and coterminates with the aversive stimulus) indirectly supports a role for the inferior olive and climbing fiber system in implicit timing (26, 27) . In both trace and delay conditioning, intact inferior olive was shown to be critical for encoding ISIs (13-14, 16). However, unlike trace conditioning, which was shown to require awareness and intact forebrain structures, delay conditioning was shown to be independent of the subject's awareness (26, 27) . Indeed, delay conditioning paradigms were used in most studies that demonstrated the importance of the inferior olive in classical conditioning, including studies that specifically identified the role of electrotonic coupling between olivary neurons in learning-dependent timing (16) .
In humans, both trace and delay eye-blink conditioning were shown to be impaired in patients with cerebellar cortex lesions, thus supporting the view that the cerebellum mediates timing regardless of awareness (28) (29) (30) . In contrast to this view, however, the consensus from motor timing studies in patients with cerebellar lesions is that the cerebellum is critical for explicit representation of time but not implicit timing (18, 20) . In these studies, however, the subjects' awareness was not determined, and the term "implicit" was used to describe the timing that occurs as an emergent property of the motor behavior itself (18, 20) . Furthermore, studies of implicit timing in humans were mostly limited to cerebellar cortex and did not address the specific role of the inferior olive and climbing fiber system (17, 18, 20, 31) . The present results show a robust neural response of the inferior olive and multiple areas within the cerebellar cortex to implicit timing defined here as timing without awareness. Although the contribution of the climbing fibers to cerebellar cortex activations shown in the present study cannot be dissociated from that of mossy fibers, the activation of the inferior olive does represent activation of the climbing fiber system (32, 33).Therefore, our data provide evidence specifically linking the climbing fiber system to timing without the subject's awareness.
The response of the inferior olive to deviant stimuli shown in the present study is consistent with early electrophysiological studies demonstrating that the olivary neurons are highly sensitive to unexpected external sensory stimuli (22, (34) (35) (36) (37) . This finding was interpreted from the perspective of motor control to indicate that the inferior olive signals unexpected events and therefore errors or mismatches between intended and achieved movement (38-41). However, increases in inferior olive response Fig. 3 . Event-related BOLD response time-locked to detected deviant stimuli (red), undetected deviant stimuli (green), and stimuli with regular timing (blue) at peak voxels of areas activated in common between aware and unaware conditions without significant difference between the two conditions (bilateral inferior olive, left crus II, right crus I, and bilateral lobule VIIIa) and at the peak voxel in an area with higher response in aware than unaware conditions (left crus II). There were no areas with significantly higher response in unaware than aware conditions. Shown are plots of the fitted hemodynamic response (in arbitrary units) and coordinates of peak voxels. Time (S), peristimulus time in seconds.
were also shown during passive limb displacement in the absence of active movement, and indeed certain phases of movement were shown to inhibit the inferior olive responsiveness to sensory input (22, 36, 42) . An alternative to the long-held error detection hypothesis is that the inferior olive is sensitive to the timing of sensory input. The intrinsic capacity of the olivocerebellar system to encode temporal information is supported by evidence from more recent electrophysiological studies demonstrating that stimulus timing is encoded relative to the phase of oscillations of the olivary neurons (10, 11, 14, 15) . In vitro experiments that used intracellular recording and voltage-sensitive dye imaging of inferior olive slices have shown that an extracellular stimulus "resets" the olivary neuronal oscillations and leads to synchronized firing of a large group of neurons in phase with the external stimulus (43, 44) . This self-referential phase resetting of subthreshold intrinsic oscillations of the olivary neurons and their synchronized firing in response to external stimuli have been proposed as the underlying mechanism of the enhanced inferior olive and climbing fibers response to unexpected stimuli (11, 22, 23, 38, 39, 45) . A similar mechanism likely explains the inferior olive response to the modulation of stimulus timing with or without awareness shown by fMRI methods. Therefore, temporal encoding by the olivocerebellar system can be viewed as a low-level information-processing mechanism that is dependent on the intrinsic oscillatory properties of the inferior olive but largely independent of attentional, topdown, or cognitive control mechanisms. The present fMRI data in human subjects support this view and show that the inferior olive response to changes in stimulus timing is not significantly modulated by whether these changes were consciously perceived.
Methods
Subjects. Eighteen subjects (nine women; mean age ± SD, 29 ± 4 y) performed a prescanning experiment to establish the validity of the behavioral task and to determined each subject's threshold. All subjects were righthanded, had normal or corrected-to-normal visual acuity, and gave a written informed consent according to the guidelines approved by the Minneapolis Veterans Affairs Medical Center and the University of Minnesota Human Subjects Committees.
During scanning, one subject reported perceiving "true" isochronous sequences as anisochronous in 40.9% of trials. This subject was excluded from further analysis as a result of poor performance. Behavioral and fMRI data from the remaining 17 subjects (nine women; mean age ± SD, 26.9 ± 4.1 y) are presented.
fMRI. Task. The subjects were instructed to indicate whether the observed sequences were anisochronous or isochronous. The ratio of trials with anisochronous sequences to those with isochronous sequences was kept at 3:1 to maximize the number of trials with deviant stimuli; however, subjects were not informed about this ratio. Subjects underwent four scanning runs. The total scanning time for each run was 6 min and 32 s, during which 24 trials were randomly presented (18 trials with anisochronous sequences mixed with six catch trials with isochronous sequences). Each anisochronous sequence contained one deviant stimulus that was presented "prematurely" by 150 ms for three subjects, 200 ms for 12 subjects, and 250 ms for two subjects based on each individual subject's threshold as determined by the prescanning behavioral data. Within the anisochronous sequence, the deviant stimulus was presented pseudorandomly as the fifth stimulus in six trials, sixth stimulus in six trials, and seventh stimulus in six trials.
After a delay of 2 or 4 s, subjects were prompted by a visual cue to indicate whether the sequence was "regular" or "irregular" by pressing one of two buttons with the right or left thumb. Buttons corresponding to regular and irregular sequences were counterbalanced among subjects. The delay between the conclusion of the sequence and the visual cue was introduced to separate the neural response to the visual stimuli in the sequence from that to the visual cue and motor response. The jittered timing of visual cue (and motor response) was used to optimize estimation power of event-related neural activity (46) . We used an ISI that was shorter than the regular ISI (of 1,000 ms) to avoid accounting for a neural response to what might be perceived as an "omitted" stimulus if the deviant stimulus was presented later than expected.
The visual display was projected through a backlit screen at the head of the scanner bed and viewed via a mirror attached to the head coil. Subjects were instructed to fixate on a very dark nonflashing disk at the center of the screen. Visual stimuli (150 ms duration) consisted of a white disk (visual angle 1.2°) that flashed on a black background replacing the fixation point. The written visual cue consisted of the words "Regular" and "Irregular" presented for 1 s to the right or left of midline, corresponding to the button to be pressed. Trials in which subjects failed to respond within the 2 s after the onset of a visual cue were regarded as "missed trials" and excluded from further analysis. For each subject, 196 volumes were corrected for head motion, realigned to the first image and sinc-interpolated over time to correct for phase advance during volume acquisition. Images were then normalized to a Montreal Neurological Institute echoplanar imaging brain template with an enlarged box (inferiorly) to include the whole cerebellum and brainstem (Z values of +20 to −70 mm). Data were resampled to 2 × 2 × 2 mm and spatially smoothed with a Gaussian kernel of 6-mm full-width at half-maximum to decrease spatial noise. The functional data were temporally smoothed to remove slow BOLD signal drifts by using a high-pass filter with a 128-s cutoff. T1-weighted anatomical images were coregistered to the functional scans and transformed into the same normalized Montreal Neurological Institute brain template. Intersubject alignment of cerebellar and brainstem maps was optimized by using nonlinear normalization to a high-resolution atlas template of the human cerebellum and brainstem (spatially unbiased infratentorial template) (47) .
Data Analysis. Behavioral data during scanning show that the subjects accurately recognized isochronous sequences as isochronous in 93.77% ± 3.42 of trials (range, 88-100%). Deviant stimuli were undetected in 49.28% ± 5.42 (range, 40-57%) and were detected in 50.72% ± 5.42 (range, 43-60%) of trials with anisochronous sequences. There was no significant effect of the deviant stimulus order (fifth, sixth, or seventh) within the sequence on the ratio of detected/undetected deviant stimuli [F(2,16) = 2.26; P = 0.15]. There was also no significant effect of the duration of delay after the sequence (2 or 4 s) on the ratio of detected/undetected deviant stimuli (t = 1.09; P = 0.29; Table S2 ). Voxel-based event-related analysis of fMRI data were performed at two levels of a mixed-effects model. In the first-level analysis (fixed-effects), detected deviant stimuli, undetected deviant stimuli, regular stimuli (stimuli following isochronous ISI), visual cues, and motor responses were modeled as separate event types and were convolved with a canonical hemodynamic response function in a general linear model as implemented in Statistical Parametric Mapping 5 (specifying event duration as zero). Thus, each trial with an anisochronous sequence (total of 72 trials per subject) contained either a detected or an undetected deviant stimulus (one event per trial). From each subject, the number of events with detected deviant stimuli entered into the statistical model was equal to the number of events with undetected deviant stimuli. This number was determined in each subject by whichever number (of detected or undetected deviant stimuli) was smaller. An average of 31.88 ± 2.60 events (range, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] with detected (or undetected) deviant stimuli per subject was used, discarding an average of 6.82 ± 3.97 trials (range, 2-14) per subject from the last run (Table S2) .
Linear contrasts of parameter estimates for each event type were obtained from every voxel in each subject. Statistical comparisons between event types (conditions) were limited to: (i) detected deviant stimuli (AWARE), (ii) undetected deviant stimuli (UNAWARE), and (iii) regular stimuli (REGULAR). Single subjects' maps were then subjected to the second-level group analysis treating intersubject variability as a random effect and thus allowing statistical inference at the population level (48) . Statistical thresholds of Z ≥ 3.09 and P ≤ 0.05 (corrected for multiple comparisons) were used for group results. False discovery rate correction was used except for areas of prespecified hypothesis (inferior olive), in which small volume correction (5-mm radius sphere) was applied. Homologous areas below statistical threshold are listed for comparison. Cerebellar lobules were identified based on the Diedrichsen human cerebellum MRI atlas (49) and Schmahmann atlas nomenclature (50) . Based on the location of peak voxel within the activation cluster, more than one lobule is listed for one activation cluster when appropriate.
